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ABSTRACT.  One critical factor affecting the performance of Lamb wave based damage detection 
and characterization techniques is the angular amplitude distribution of the interrogating wave 
scattered at defects and structural features.  Analytical solutions for this problem do not exist for 
composite laminates due to the anisotropic nature and multilayer characteristics of the material.  In 
this paper the scattering characteristics of the fundamental anti-symmetric Lamb wave at 
delaminations and structural features in composite laminates is considered.  Experimental 
measurements and finite element simulations are employed to quantify the A0 mode Lamb wave 
scattering characteristics at delaminations and through holes.  Good agreement is found between the 
simulations and experimental measurements.  Extended parameter studies provide improved physical 
insight into the phenomena and show that the angular distributions of the scattered wave amplitudes 
depend on the defect size to wavelength ratio, the stacking sequence of the laminate and, in the case of 
delamination damage, the through thickness location of the delamination.  
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INTRODUCTION 
 
 The use of fibre reinforced composite laminates has increased in recent years due 
to their high specific stiffness, light weight and corrosion resistance as compared with 
many traditional metallic materials.  Among the various non-destructive evaluation 
techniques, Lamb waves have been shown to be sensitive to most types of defects, 
efficient in detecting small and subsurface damages, and able to inspect large areas [1].  
However, the suitability of using Lamb waves for damage detection in composite 
laminates has not yet been fully investigated.  Analytical solutions of Lamb waves 
scattering at through holes and delamination damage do not exist for composite laminates 
due to the anisotropic nature and multilayer characteristics of the material.  In the literature 
finite element (FE) analysis has been used to investigate scattering characteristics of Lamb 
waves at defects in composite laminates, especially at delamination damage, e.g. [1-3].  
However, most of the studies are limited to the situation that the delamination is across the 
full width of the composite laminates. Review of Progress in Quantitative Nondestructive Evaluation, Volume 30AIP Conf. Proc. 1335, 207-214 (2011); doi: 10.1063/1.3591858©   2011 American Institute of Physics 978-0-7354-0888-3/$30.00207
 
 
 
The aim of this paper is to study the low frequency A0 Lamb wave scattering 
characteristics at a through hole and a delamination in fibre reinforced composite laminates 
using experimentally validated three-dimensional (3D) FE simulation.  The study investigates 
the angular distribution of the scattering characteristics, which is important input data for 
damage detection techniques utilising distributed transducer networks [4].  The influence of the 
stacking sequence and the through thickness location of delamination damage is also explored.  
The results of this study provide improved insight into the physical phenomena of A0 Lamb 
wave scattering at defects in composite laminates and hence help to further advance the use of 
A0 Lamb waves for damage detection and characterization. 
 
3D FINITE ELEMENT SIMULATION 
 
 Eight-ply composite laminates are modelled using 3D FE analysis.  ANSYS was used to 
generate the geometry and perform the meshing of the FE model. Each lamina is modelled 
using eight-noded 3D reduced integration solid brick elements with hourglass control.  The 
lamina is Cycom® 970/T300 unidirectional carbon/epoxy prepreg tape with 0.55 fibre volume 
fraction and 0.2mm thickness.  The dynamic problem is then solved by using the explicit FE 
code LS-DYNA.  The A0 Lamb wave is generated by applying out-of-plane nodal displacement 
to the surface FE nodes covered by the 5mm diameter circular transducer area located at 
90r mm  and 180  based on the cylindrical coordinate system with origin at the centre of 
the defect as shown in Figure 1.  The excitation signal is a 140kHz narrow-band six-cycle 
sinusoidal tone burst pulse modulated by a Hanning window.  The through hole damage is 
created by removing elements.  In the case of delamination, it is modelled by a volume split at 
the delamination region in which the FE nodes across the delamination surfaces are separated 
by a small distance according to normal practice [1].  The size of the composite laminate varies 
from case to case and is selected to ensure the laminate is large enough to avoid interference of 
boundary reflections from the edge of the sample with scatter signals generated at the defect. 
Hence the side length of the simulated square laminate is in the range of 180mm to 250mm 
resulting between 1.6 to 3.1 million 0.4×0.4×0.2mm3 elements. This fine mesh guarantees that 
more than seventeen nodes exist per wavelength in any propagation direction in any laminate, 
which is substantially more than the minimum requirement of ten nodes stated in the literature 
[4-5].  A small, stiffness proportional damping is used to ensure numerical stability and 
simulate the damping effect of the composite materials.  Simulations are run on a Sun 
Microsystems X220 cluster with 30 nodes and require around 6 hours to solve using a time step 
of approximately 20ns, which is sufficient to capture any A0 as well as S0 Lamb wave 
propagation. 
 
 
FIGURE 1.  Schematic diagram of the configuration for FE simulations. 
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Experimental Validation 
 
 600×600×1.6mm3 eight-ply quasi-isotropic [45/-45/0/90]s composite laminates were 
manufactured from the same lamina material used in the FE simulations (Cycom® 970/T300).  
A circular sheet of 11mm diameter fluoro polymer release film was inserted at the centre of the 
laminate between the fourth and fifth laminae during the layup process to create an artificial 
delamination while 3mm, 5mm and 8mm diameter through holes were machined using solid 
carbide eight-facet drills.  A 5mm diameter and 2mm thick piezoceramic disc (Ferroperm Pz27) 
was surface mounted to the composite laminate to excite the A0 Lamb wave.  Excitation 
frequency, distance between the piezoceramic disc and the defect are the same as in the FE 
simulations.  A Laser Doppler vibrometer (OFV 303/OFV 3001, Polytech GmbH) with the 
laser head positioned by a computer controlled positioning system (Newport ESP 300) was 
used for measuring the out-of-plane displacement. 
Figure 2a shows group velocity dispersion curves in the 0° direction calculated 
analytically using DISPERSE [6], FE simulations and experimental measurements; Figure 2b 
shows a polar directivity plot of the maximum absolute amplitude of the A0 incident wave 
measured at r= 40mm and 0°  360°; and Figure 2c compares the decay of the numerically 
simulated and experimentally measured incident Lamb wave for 10mm r  150mm and  = 
0°. All three figures show excellent agreement between FE simulation and experiments and 
indicate that the FE model accurately predicts the propagation behaviour of the the A0 Lamb 
wave. 
Figure 3a shows time signals from FE simulation and experiment for the quasi-isotropic 
laminate with the 11mm diameter delamination measured at 40mmr  and 220   .  It 
shows that there is very good agreement between the FE simulation and experimental 
measurement, especially for the incident wave.  There exists a small phase shift between the  
 
   
 a) b) 
  
 c) 
FIGURE 2.  Propagation characteristics in [45/-45/0/90]s composite laminate; a) Group velocity dispersion curves 
in  = 0° direction, analytical (solid lines), FE simulation (circles) and experimental measurements (triangles);  
b) Polar directivity of excitation amplitude; c) Amplitude decay along  = 0°. 
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simulated and measured reflected waves, which is likely to be caused by a small uncertainty in 
the location of the delamination in the experimental sample.  However, the amplitudes of the 
reflected waves are still in very good agreement.  Figure 3b shows a comparison of the 
calculated and measured scattering directivity patterns (SDPs) for a 8mm diameter through 
hole, which are determined from the maximum absolute amplitude of the scattering signals 
using baseline subtraction [4].  Almost perfect agreement exists between the two results. 
 
SCATTERING CHARACTERISTICS 
 
The experimentally validated FE model is used to investigate the A0 Lamb wave 
scattering at through holes and delaminations in composite laminates. 
 
Through Hole Defects  
 
 The scattering characteristics of an A0 Lamb wave at a through hole defect are 
investigated in this section. Figures 4a and 4b show the normalized amplitude of the forward 
scattering as a function of RDW, the ratio of hole diameter to   = 0° wavelength, in the forward 
and backward directions, respectively.  The results show that the scatter amplitude is always 
largest in the forward scattering direction   = 0° and shows an almost linear increase for 
increasing RDW values.  For   = 40° and 320° the amplitude increases until around RDW = 1.20 
after which it reduces for larger RDW values.  The amplitudes of   = 80° and 280° show small 
variations around a trend line of small increase for increasing RDW values and are always 
smaller than the amplitudes of   = 0°, 40° and 320°.  The amplitudes for backward scattering 
angles have the same order of magnitude as in the forward scattering directions and show 
similar characteristics.  The general trend is an increase in amplitude for increasing RDW values 
with slight variations around these trend lines. 
 
 
   
 a)  b)  
 
FIGURE 3.  a) Simulated and measured signals at r = 40mm,  = 220° for a 11mm diameter delamination located 
between 4th and 5th lamina; b) Scattering directivity pattern for 8mm diameter through hole (FE simulation: line 
with empty circles, experiment: filled circles). 
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 a)  b)  
FIGURE 4.  Normalized amplitude for the a) forward and b) backward scattering as a function of through hole 
diameter to wavelength ratio for [45/-45/0/90]s composite laminate. 
 
Figure 5 shows the SDPs of three 8-ply laminates with different stacking sequences for 
RDW = 1.01.  In the case of the [0]8 unidirectional composite laminate shown in Figure 5a it can 
be seen that the scattering energy mainly concentrates around the fiber directions (  = 0° and 
180°), i.e. not only the energy of the excited Lamb wave, but also the scattering energy is 
mainly concentrated along the fiber direction.  Figures 5b and 5c show the SDPs of the 
bidirectional composite laminates [0/90]2S and [45/-45]2S.  Although the forward scattering 
energy (  = 0°) still dominates, it is obvious that the scattering energy redistributes around the 
fiber directions. 
Figure 6 shows the scattering amplitude as a function of both RDW and  using two-
dimensional (2D) contour plots for the unidirectional and two bidirectional laminates, 
respectively. The white dash lines indicate the fiber directions of each lamina.  It can be seen 
that the forward scattering always dominates for larger RDW for all stacking sequences. In 
addition, the contour plots illustrate that the scattering energy is also enhanced around the fiber 
direction, especially for larger RDW values. For example, the energy is enhanced around  = 
45°, 135°, 225° and 315° for the [45/-45]2S laminate. 
 
 
FIGURE 5.  Scatter directivity patterns of [0]8, [0/90]2S and [45/-45]2S composite laminates for RDW = 1.01. 
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FIGURE 6.  Contour plots of normalized amplitude as a function of RDW  and  for a) [0]8; b) [0/90]2S; c) [45/-
45]2S laminate  
 
Delamination Damage 
 
Figure 7 shows the SDPs of a 140 kHz incident A0 Lamb wave scattered at a 3mm, 
5mm and 11mm diameter mid-plane delamination, respectively.  The figures illustrate that the 
maximum scattering amplitude increases for larger delamination sizes. The backward and 
forward scattering amplitudes are of the same order of magnitude for the 3mm diameter 
delamination with RDW = 0.38.  However, the forward scattered components tend to have larger 
amplitude for larger RDW (RDW = 0.63 for 5mm diameter and RDW = 1.39 for 11mm diameter).  
The scattering amplitudes around the direction perpendicular to the incident wave have small 
amplitude suggesting that in the case of a pitch-catch damage detection approach, it is unlikely 
that the delamination can be detected if sensors are located along these directions.   
Figures 8a and 8b explore the scattering behaviour in the forward and backward 
directions in more detail.  Figure 8a shows the forward scattering amplitudes at  = 0°, 40°, 
80°, 280° and 320° for different RDW.  It can be seen that the scattering amplitude aligned in the 
same direction as the incident wave ( = 0°) increases with RDW and has the largest amplitude 
comparing to other  for RDW larger than around 0.9. The scattering amplitudes at  = 40° and 
 
 
 
FIGURE 7.  Scattering directivity pattern for 140 kHz incident A0 Lamb wave at a) 3mm, b) 5mm and c) 11mm 
diameter delaminations located between 4th & 5th laminae of [45/-45/0/90]s laminate. 
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 a)  b)  
FIGURE 8.  Scattering amplitudes in a) forward and b) backward directions as a function of RDW for mid-plane 
delamination in [45/-45/0/90]s laminate. 
 
320° rise until the RDW reaches around 1.1 and 1.0, respectively, then reduce with RDW. For  = 
80° and 280°, the amplitude exhibits a slight variation but the overall trend is a slow increase.   
The scattering characteristics are quite different in the backward directions.  For  = 
140°, 180° and 220°, the scattering amplitudes increase with increasing RDW up to RDW around 
0.55.  For RDW larger than approximately 0.8 the values fluctuate around a slightly increasing 
trend line. For  = 100° and 260° which are almost perpendicular to the incident wave 
direction, the major trend is a steady increase with slight variations with amplitudes that are 
generally smaller than those for  = 140°, 180° and 220°.  Comparing to Figure 8a, it can be 
seen that the backward scattering amplitudes have larger variations than those of forward 
scattering and the overall behavior is more complicated and in addition backward scattering 
amplitudes are generally smaller in magnitude than those in forward scattering directions 
particularly for larger RDW values.  
The SDP also depends on the layup of the laminate and the through-thickness location 
of the delamination.  The delamination causes a local change of the sub-laminate layups at the 
delamination region due to the separation of adjacent subsurface laminae. Figures 9a, 9b and 9c 
show the SDPs for 5 mm diameter delaminations located between second and third, third and 
fourth and fourth and fifth lamina of a quasi-isotropic [45/-45/0/90]s laminate for a 140 kHz 
incident wave, respectively.  The figures show that the same diameter delamination at different 
through-thickness locations produces very different SDPs.  The forward scattering amplitudes 
are dominant for the delamination between the fourth and fifth lamina.  However, in the case of 
a delamination located between second and third lamina, the forward and backward scattering 
amplitudes have the same order of magnitude.  The sensitivity of the SDPs on the through-
thickness location of the delamination illustrates that scattering characteristics in composite 
laminates are in general much more complicated than for defects in isotropic materials. 
 
 
 
FIGURE 9.  Scattering directivity pattern for 5mm diameter delaminations located between a) 2nd & 3rd, b) 3rd & 
4th and c) 4th & 5th lamina. 
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CONCLUSIONS 
 
This paper studied the A0 Lamb wave scattering characteristics at through holes and 
delamination damage in composite laminates in the low frequency regime.  It was demonstrated 
that explicit 3D FE simulations can accurately predict Lamb waves propagation and their 
scattering characteristics at through holes and delamination damage.  Excellent agreement 
between FE simulations and experimental measurements was achieved.  
Extended parameter studies showed that A0 Lamb wave scattering characteristics are 
substantially more complicated than in the case of scattering at defects in isotropic plates.  The 
results indicated that the scattering characteristics are related to the defect size to wavelength 
ratio, the stacking sequence of the composite laminates, and, in the case of delamination, on the 
through thickness location of the damage.  The results of the studies provide improved physical 
insight into the scattering phenomena for the through hole and delamination damage which can 
be used to validate and improve the performance of guided wave damage detection and 
characterization methods by selecting transducer locations and excitation frequency and hence 
help to further advance the use of in-situ transducer networks for damage detection and 
characterization. 
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